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Radio frequency identification (RFID) is a wireless technique by using electromag-
netic fields and has become more and more popular in recent years. RFID system
has advantage of low-cost, free battery operation, non-line-of-sight, and long read
range, and it has been widely used in automatic wireless identification. The most
common application of the RFID system is object identification, and it also can be
used in sensor network and power transmission. In the applications of the object
identification, it can be applied to the access control for entrance guard system and
the asset tracking for retailer. In order to realize the full potential of RFID system,
some key points should be discussed. In this study, enhancing the performance of
the RFID system through improving the RFID reader antenna and RFID tag an-
tenna is studied. In this chapter, the hardware architecture of the RFID system is
introduced in detail and the challenge of the RFID system is presented.
1
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Figure 1.1: An example of RFID system.
1.1 Introduction of RFID
RFID is a technology which is using electromagnetic fields to achieve the wireless
communication. Comparing with the past barcode system, the RFID system is more
robust to dark or dirty surroundings [1,2]. RFID system is a rewritable system and
can store more data than barcode. It has large read range and can read multiple
tags simultaneously. Moreover, RFID system, which is a non-line-of-sight and non-
contact communication technique, can avoid those effects and embedded in the
tracked objects. A RFID system consists of four parts shown in Fig. 1.1: (1) Data
processing equipment: processing the date from the RFID reader and managing the
system; (2) RFID reader: generating RF signals to communicate with the RFID tags;
(3) RFID reader antenna: radiating the RF signals to free space to communicate
with RFID tags; (4) RFID tag: storing the information about the objects.
The RFID tag can be classified as three types based on the activation method: (1)
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Active tags, (2) Semi-active tags, and (3) Passive tags. Active tags which have a
built-in battery are activated without external energy source. The read range can
achieve 1 to 100 m and has high-speed transmission speed. Semi-active tags also have
the built-in battery, but the tags are activated by external power. After activating,
the tags can send the tag information by built-in battery at high-speed. Passive tags
do not have built-in batteries and need to be activated by external power, so that the
size of the passive tag is much smaller than the other type tags. It is the cheapest
one in those three type tags cause of the simple structure. RFID is working in several
frequency bands, and most frequency bands are industrial scientific medical(ISM)
bands. It includes low frequency (LF 120-150 kHz), high frequency (HF 13.56 MHz),
ultra high frequency (UHF 920 MHz), and microwave (2.4 GHz). The LF and
HF RFID systems are using electromagnetic induction. It has short read range
(maximum 1 m) and is not very sensitive to radio wave interference. It is usually used
in access control, ticking, and payment system [3]. The UHF and microwave RFID
systems are using radio wave to transmit the signal, and the read range can achieve 1
to 100 m. The RFID system using high frequency bands has high data transfer rate.
Supply chain management, inventory monitoring [4], and vehicle access control [5]
are common applications for this frequency band. It has also been applied to the
areas of sensor network [6], power transmission [7], and localization [8]. The UFH
passive RFID system is the most suitable for object management, because of the low
cost, small size, and good interference resistance ability. The UHF RFID frequency
regulations are different in each country. Two frequency ranges are used for the
UHF RFID technology in most of countries: (1) 902 928 MHz (North America) and
(2) 865 868 MHz (Europe). The frequency range of UHF RFID in Japan is 916.7 -
923.5 MHz [9].
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1.2 Challenge of RFID System
The advantage of the RFID system is that the system can identify multiple objects
simultaneously by using electromagnetic fields. The common way to communicate
between the RFID reader and the RFID tas is using radiation. The way of using
radiation allows the RFID system have the ability to communicate to the tags in
a three dimensional area. Figure 1.2 shows that the patch antenna and the yagi
antenna which were studied for wide area scanning and handheld RFID reader de-
vice, respectively [10,11]. The advantage of using radiation is wide scanning region.
However, the radiation type is easily affected by the other objects in the detection
area, and the detection area is not easy to be confined when using radiation type
RFID system as shown in Fig. 1.3. Moreover, manually scanning by humans is high
cost and easily cause the human error. Therefore, the RFID system using near-field
communication was proposed to avoid the disadvantages of the radiation type RFID
system.
The basic working principles of the RFID system using near field is that only the
objects near the reader antenna can be detected, so that it is called two-dimensional
communication. The reader antenna is placed in the area where need to be mon-
itored, and the objects attached by the RFID tag can be detected in the area as
shown in Fig. 1.4(a). The RFID system using two-dimensional communication is
widely used for asset management such as the smart-shelf system shown in Fig.
1.4(b). The advantages of this system are monitoring objects simultaneously and
confineable reading area, and it also can economize on manpower.
A planar waveguide sheet which can be used in data transmission and sensor network
was proposed by H. Shinoda [12–17]. The working principle of the planar waveguide
sheet is using evanescent wave to communication with other devices, and it suits
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(a) Patch antenna.
(b) Yagi antenna.
Figure 1.2: Examples of RFID reader antenna.
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Figure 1.3: Advantage and disadvantage of 3-D RFID system.
for the 2-D RFID system. However, the planar waveguide sheet is using loads or
absorber to reduce the reflection in the edge of the sheet [18,19]. It causes high loss
and power consumption, and the planar waveguide sheet needs large power to act
as a RFID reader antenna.
On the other hand, in order to manage the objects, the RFID tags have to be
attached to the objects. When the tags close to the objects, the tags are affects by
the objects, and the performance of the tags have a great chance to decrease. For
different materials of objects, the interference of the objects on the RFID tags are
different as shown in Fig. 1.5(a). It is difficult to design a RFID tag antenna which
suits for various dielectric objects. Additionally, in some particular applications,
the objects which is monitored are extremely thin. The separation distance between
two tags becomes very small, and the mutual coupling is occurred to affect the
performance of the tag as shown in Fig. 1.5(b).
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(a) An example of 2-D RFID system.
(b) Smart-shelf system using near-field antenna.
Figure 1.4: Examples of 2-D communication RFID system.
8 Chapter 1. Introduction
(a) Patch antenna.
(b) Yagi antenna.
Figure 1.5: Examples of RFID reader antenna.
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(a) Circularly polarized tag antenna. (b) Cross-polarized tag antenna.
Figure 1.6: Tag antenna for tightly arranged objects.
In the previously study, a resonant RLC circuit with small resistance to corrects
the increased loss resistance when the RFID tag is attached to a liquid bottles [20].
However, the tag antenna was designed only for liquid bottle and cannot be used
for the objects with small relative permittivity. The other researchers proposed
the circularly polarized and cross-polarized tag antennas shown for tightly arranged
objects shown in Fig. 1.6 [21]. Nevertheless, the designed tags were tested in the
tag array without dielectric objects inserting into the tag array.
Therefore, this dissertation focus on improving the performance of a RFID system
and divided into two parts: (1)RFID reader antenna: Using diversity reception to
reduce the power loss and improve the success reading rate of tags. (2)RFID tag
antenna: Proposing a design method for tag antennas which can be used for high
dielectric and closely located objects.
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1.3 Organization of this thesis
This thesis is organized as follow: Chapter 2 focus on studying the RFID reader
antenna. The reader antenna of the RFID system is introduced. In order to improve
the performance of the RFID system, the diversity reception is proposed. The
proposed method is verified by the numerical analysis and applied to the entity of
the reader antenna. Finally, the proposed method is applied to a RFID system to
verify its effectiveness. Chapter 3 focus on studying the RFID tag. The RFID tag
is introduced. The effects of the environment on the RFID tag is investigated. It
is including the influence of the material of the objects and the mutual coupling
between tags. Based on the investigation results, the design method of the tag
antenna is proposed. A RFID tag antenna is designed according to the design
method and fabricated. The experimental results show the design tag antenna has
better performance than a simple tag antenna. It is indicated that the proposed
method is effective Chapter 4 offers the concluding remarks of this research.
Chapter 2
Performance improvement of
planar waveguide used as RFID
tag antenna
2.1 Introduction
Radio frequency identification (RFID) reader antenna is one of the most important
components of the RFID system. It directly affects the performance of the RFID
system. The microstrip line is a simple and effective way to achieve the near field
communication [22, 23]. However, the near-field RFID reader antenna using mi-
crostrip line has unintentional radiation, and the mircrostrip line usually uses the
load termination to match the impedance, which absorbs the power. Therefore, a
novel RFID reading approach is using a planar waveguide sheet as a RFID reader
antenna which was proposed by Teijin Limited [24]. The planar waveguide sheet
can provide evanescent wave to communicate with RFID tags. Confinement of the
11
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Figure 2.1: Planar waveguide sheet provided by Teijin.
detection region is a critical issue for RFID smart-shelf system. The detection region
should be confined; otherwise, the tags which are not inside the desired detection
region will be detected. In this study, a waveguide sheet is used as a reader antenna
of the RFID smart-shelf system to communicate with the RFID tags and to confines
the detection region.
Figure 2.1 shows the planar waveguide sheet provided by Teijin Limited. The waveg-
uide sheet consists of a conducting mesh layer (top layer), dielectric substrate layer
(middle layer) and a conducting ground plane (bottom layer). There are two ports
in both sides of the planar waveguide sheet. The length L and the width W of the
planar waveguide sheet are 800 and 110 mm, respectively. The mesh size of the top
layer is 7 mm × 7 mm, and the width of the microstrip line is 1 mm. The feeding
component of the planar waveguide sheet is shown in Fig. 2.2. A substrate is sand-
wiched by two conductive planes, and the inner and outer conductor of the coax are
attached to each plane. Port 1 is the port connected to the RFID reader, and port
2 is terminated by a 50 Ohm load. Microwave for communication can propagate
in the dielectric substrate layer and the conductive mesh layer forms an evanescent
wave above the surface of the planar waveguide sheet [12]. Therefore, the RFID tag
antenna can receive the power by approaching the sheet.
In order to insure the feasibility of the planar waveguide sheet used as a RFID reader
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Figure 2.2: Schematic diagram of feeding part.
antenna, some experiments are presented. The measurement results of S11 is shown
in Fig. 2.3. It is indicated that the S11 at 920 MHz is smaller than -15 dB, which
demonstrated that the planar waveguide sheet can work as an antenna. The field
distribution of the vertical direction on the sheet was measured and shows in Fig.
2.4. It is demonstrated that the load termination can reduce the reflection from
the end of the sheet and make the field distribution uniform. The detection region
of the planar waveguide used as a RFID reader antenna is shown in Fig. 2.5. The
RFID tag was DNP UL-21, and the tag was moved from one point to the next point.
The red points show the tag in the position is undetectable, and the green points
are detectable. It is indicated that the tag only can be detected when the tag close
to the planar waveguide sheet. All results demonstrate that the planar waveguide
sheet can work as a RFID reader antenna.
However, when the tags attached to dielectrics, the dielectrics and the mutual cou-
pling between tags affects the performance of the tags. The tags may have a chance
of becoming undetectable as shown in Fig. 2.6. Moreover, the load used to terminate
the planar waveguide sheet absorbs the energy and causes the power loss as shown
in Fig. 2.7. Therefore, the method of the diversity reception is proposed to obtain
the diversity gain to improve the performance of the planar waveguide sheet used as
a RFID reader antenna. The effectiveness of the diversity reception in electric field
distribution is demonstrated by numerical analysis and experiments. The other ex-
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Figure 2.4: Field distribution on planar waveguide sheet.
Figure 2.5: Detection region of planar waveguide sheet used as RFID reader antenna.
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Figure 2.6: Problem of undetectable.
Figure 2.7: Problem of power loss.
periments are carried out to verify the improvement of the successful reading rate of
tags and received signal strength indicator (RSSI) by using the diversity reception.
The remaining part of this chapter is organized as follows: The proposed diver-
sity reception is presented in Section 2.2. Experimental studies are presented and
discussed in Section 2.3. Finally, conclusions are offered in Section 2.4.
2.2 Diversity reception
The planar waveguide sheet terminated by a load causes the power loss, and the tags
located in the low sensitivity area may be undetectable. In order to reduce the power
loss and obtain an uniform field distribution, the diversity reception is proposed. It
is utilizing different termination conditions by connecting a switch in the termination
to obtain various field distributions as shown in Fig. 2.8(a). Different patterns of
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(a) Planar waveguide terminated by a switch.
(b) Diversity reception.
Figure 2.8: Concept of diversity reception.
field distribution capacitates the diversity gain to be obtain. The diversity reception
is choosing the larger value of each potion in different termination conditions as
shown in Fig. 2.8(b).
In this research, the open and short circuits were used to terminate the planar
waveguide sheet to obtain different field distribution. The simulation model of the
planar waveguide sheet terminated with open and short circuits are shown in Fig.
2.9. The short termination is using a perfect electric conductor (PEC) plane to
connect the top and bottom layers. The parameters of the simulation model are
shown in Tab. 2.1. The size of the planar waveguide sheet in the simulation model
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(a) Open termination.
(b) Short termination.
Figure 2.9: Simulation model of planar waveguide sheet.
was the same as the actual one. In order to save the calculation time, the dielectric
substrate was removed because of its low relative permittivity, the material of the
top and bottom layers was PEC, and the feeding method was using gap feeding.
The the electric field distribution on the waveguide sheet with open and short ter-
minations were calculated. The observation plane was at z = 30 mm because the
length of the UHF RFID tag is 50 to 101 mm, and the center point is around 30 mm.
Table 2.1: Simulation parameters of planar waveguide sheet.
Parameters
Length(L) [mm] 800 Distance between strip line [mm] 6
Width(W ) [mm] 110 εr of substrate 1
Height(h) [mm] 2 Input power(Pin) [Watt] 1
Width of strip line (ws) [mm] 1 Frequency(f) Hz 920M
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The simulation results of the electric field distribution on z-component on planar
waveguide sheet terminated with open and short circuits are shown in Fig. 2.10(a)
and Fig. 2.10(b), respectively. The white rectangle shows the area of the planar
waveguide sheet. In the practical applications, the RFID tags placed on the reader
antenna in z direction, so that only the z-component is discussed in this research.
The results show that standing waves can be observed in both cases because of the
discontinuous in the end of the planar waveguide sheet. The low sensitivity areas
in the open case and the short case are complementary. Therefore, those two field
distributions can be used for the diversity reception, and the equation (2.1) was used
to obtain the diversity reception.
∣∣∣Ediversityz (x, y)∣∣∣ = Max(|Eopenz (x, y)| , ∣∣∣Eshortz (x, y)∣∣∣) (2.1)
The electric field distribution of applying the diversity reception from the open and
short cases is shown in Fig. 2.10. It shows that the low sensitivity areas can be
neutralized in the case of diversity reception, and electric field distribution is uni-
form on the planar waveguide sheet. Figure 2.11 shows the cumulative distribution
function (CDF) of the electric field distribution in the open, short, and diversity
cases. It demonstrates that the applying the diversity reception can obtain a great
diversity gain and make the electric field distribution more uniform than the open
and short cases.
In the case of L = 800 mm, the electric field of open termination is close to short ter-
mination as shown in Fig. 2.11. This relation changes when the length of waveguide
L changes, because the input power is fixed while the input impedance is strongly
depended on the waveguide length L. However, the effect of the diversity reception
using open/short termination can be similarly demonstrated for arbitrary waveguide
2.2. Diversity reception 19





































Figure 2.10: Electric field distribution on planar waveguide sheet.
20Chapter 2. Performance improvement of planar waveguide used as RFID tag antenna














| (dB V/m) 
Diversity reception
Figure 2.11: CDF of |Ez| on planar waveguide sheet terminated with with open,
short, and diversity reception.
length L.
Fig. 2.12 shows the simulation results of the proposed diversity reception used in
different length of L and the observation plane is xy-plane for z = 30 mm. The L is
set to be 760, 800, and 840 mm, and the difference between each length of the sheet
is around 1/8 λ. The impedance cannot be matched when the sheet is terminated
with the two conditions simultaneously, hence the incident power in each simulation
is set to be 1 watt. It was shown that the electric field distribution and intensity
were changed with along L. No matter which termination condition had stronger
electric field, the proposed diversity reception was effective. The proposed diversity
reception was shown to be able to work effectively in different length of sheet and
including considering the return loss.
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Open termination
(c) L= 840 mm
Figure 2.12: CDF of |Ez| on the sheet with different length of sheet.
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2.3 Experiments
In this chapter, three experiments are provided to show that the planar waveguide
sheet can confine the reading area; the proposed diversity reception can not only
change the electric field distributions on the sheet but also improve the reading
success rate. The first is to terminate the sheet with open and short circuit to change
the electric field distribution on the waveguide sheet. The second is to terminate the
sheet with a diode and to change the bias voltage to vary the termination condition
of the sheet in order to obtain different electric field distributions. The third is to
apply the proposed diversity reception to a commercial RFID smart-shelf system in
order to demonstrate that the proposed diversity reception can improve the reading
success rate.
2.3.1 Planar waveguide sheet terminated with open/short
circuit
In order to achieve the diversity reception that switches the electric field distribution,
the sheet was terminated with open, short, and 50Ω load circuit. The measurement
system and setup are shown in Fig. 2.13 and Fig. 2.14, respectively. The electric
field distribution on the sheet was measured in the anechoic chamber to avoid the
interference from the environment. The port 1 was connected to the signal generator
(Agilent E4438C) with the incident power (Pinc) 0 dBm. The port 2 was terminated
with the SMA (SubMiniature version A) open, short, and load circuit connectors
as shown in Fig. 2.15. An EMC probe Beehive Electronics 100D was used to
received the signal from the planar waveguide sheet. The probe is a 2 mm stub
probe. The distance between the probe and the planar waveguide sheet was 30 mm,
and the probe was moved by a xyz 3 dimension scanner. The spectrum analyzer
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Figure 2.13: Measurement system.
(Rohde/Schwarz FSU26) was used to measure the received power, and the working
frequency was 920 MHz.
The received power distribution on the horizontal plane of the sheet terminated with
open and short circuit at a height of 30 mm were measured and the results of Pinc =
0 dBm are shown in Fig. 2.16. The results with open, short, and load terminations
as shown in Fig. 2.16(a), Fig. 2.16(b), and Fig. 2.16(c), respectively. The received
power distributions were changed with the open and short termination conditions
and the locations of the low sensitivity area in those two conditions are different from
each other. The proposed diversity reception is collecting larger received power from
the results of open and short termination by using Eq. 2.1, which is shown in Fig.
2.16(d). Compared with the results of the open and short termination, the result
of the diversity reception was largely improved because the received power became
more uniformed.
Fig. 2.17 shows the CDF of the power distribution with open/short/load termination
and diversity reception. The minimum received power of the load termination case
is around -80 dBm, which is much smeller than the activation power of a commercial
tag chip (-20 dBm), due to the sensitivity of the probe. The CDF curves shows that
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Figure 2.14: Measurement setup.
(a) (a) (b) (b) (c) (c)



















































































































































Figure 2.16: E-field above the sheet terminated with (a) open, (b) short, and (c)
load circuit. (d) E-field distribution above the sheet applied diversity reception.
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Figure 2.17: CDF of received power on sheet with open/short/load termination and
diversity reception.
the load termination condition has uniform received power distribution, but the
proposed method can increase the received power by 8 dB at 1% CDF and 2.5 dB at
50% CDF, which demonstrated that the switched open/short termination combined
with diversity reception can increase the receiving level greatly.
2.3.2 Electrical switch by using diode
In order to achieve the diversity receptions electronically, switching diodes (Toshiba
1SS352) shown in Fig. 2.18 were used to terminate the sheet. The diode has similar
impedance as an open circuit when the bias voltage is 0 V, and has a short circuit
when the bias voltage is 1 V. The diode impedance was measured by using the
impedance analyzer (Agilent E4991A), and the measurement results of 920 MHz
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Figure 2.18: Switch diode Toshiba 1SS352: (1)chip and (2)chip soldered to connec-
tor.
are shown in the case 1 of Fig. 2.19. It shows that the diode with 0 and 1 V bias
voltage is close to an open and a short circuit, respectively. In order to connect the
diodes to the connector of the termination port (port 2), the diode was soldered
to the connector as shown in the case 2 of Fig. 2.18. The impedance of the diode
soldered to the connector measured by using the network analyzer (Agilent E5071C)
are shown in the case 2 of Fig. 2.19. The impedance characteristic is opposite,
because the length of the connector is around 1 of 4 wavelength at 920 MHz.
The input impedance of the planar waveguide sheet terminated with an open circuit,
a short circuit, and the diode was measured. The measurement system and results
are shown in Fig. 2.20 and Fig, 2.21, receptively. The port 1 of the planar waveguide
sheet was connected to the network analyzer (Agilent E5071C) to measure its input
impedance. The port 2 was terminated by an open circuit, a short circuit, and
the diode. In the case of the diode termination, a power supply was connected to
add a bias voltage. The bias voltage was varied from 0 to 1 V. The measurement
results demonstrated that the results of the diode termination condition has good
agreement with the open and short termination condition. The diode can be used
to replace the SMA open and short circuit connectors to achieve the electrically
switching.
The reflection coefficient of the sheet terminated with open/short/load/diode was
measured and is shown in Fig. 2.22. It is indicated that the sheet terminated with
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Figure 2.19: Impedance of(1)chip and (2)chip soldered to connector.
Figure 2.20: Impedance measurement system.
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Figure 2.21: Input impedance of sheet terminated with open/short/diode.
a 50Ω load has a good impedance match, and the reflection coefficient of the sheet
terminated with the diode is smaller than -5 dB at 920 MHz, which has little effect
on the impedance matching.
In order to varying the impedance of the diode, a power supply was used to add
the bias voltage. The incident power to the sheet was 0 dBm. The received power
distribution above the sheet terminated with the diode is shown in Fig. 2.23. The
low sensitivity areas between the bias voltage equal to 0 V and 1 V are different
and are complementary to each other. It demonstrated that the distribution can be
changed by varying the bias voltage of the diodes.
Figure 2.24 shows the CDF of the received power on the sheet with diodes termina-
tion and diversity reception. The proposed method can increase the received power
by 3.5 dB at 1%, as marked in Fig 2.24 demonstrating that the diodes termination
combined with diversity reception can greatly increase the receiving level and also
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Figure 2.22: Reflection coefficient of planar waveguide sheet terminated with load.
electronically.
2.3.3 Diversity reception used in smart-shelf system
In this experiment, the proposed diversity reception was applied to the smart-shelf
system to verify its effectiveness. The measurement system is shown in Fig. 2.25.
In the measurement system, the signal generator was replaced by a RFID reader
(Impinj Speedway Revolution) and the RFID tags were DPN UL-21. The books
with RFID tags were placed on the waveguide sheet terminated by switching diodes
and the returned signals from the tags were analyzed by a management program.
The experiment environment is shown in Fig. 2.26. The experiment was in a normal
space to simulate the reality environment of using the smart-shelf system.
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(a) Bias voltage is 0V
















































Figure 2.23: Received power distribution on sheet terminated with diodes.
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 Diode termination (0V)
 Diode termination (1V)
 Diversity reception
3.5 dB
Figure 2.24: CDF of received power distribution on the sheet terminated with diodes.
Figure 2.25: Experiment system of smart-shelf system using switching reception.
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Figure 2.26: Experiment environment of smart-shelf system using switching recep-
tion.
The incident power was 24 dBm, the testing time was set as 1 minute, and the
received signal strength indication (RSSI) of each tag was recorded by the software.
Figure 2.27 shows the average RSSI of each tag in diode(0/1 V) case. It indicates
that the RSSI distributions of both cases close to the feeding part (Tag ID 1) are
similar. The RSSI distribution of both cases near the termination (Tag ID 30) are
different from each other, and it can provide the diversity gain to the system.
The average RSSI of each tag in open/short/load/diode(diversity) recorded in one
minute is shown in Fig. 2.28, and the bias voltage of the diode was varied between 0
to 1 V. The black/red/blue lines show the RSSI value of the tags inserted in books
by using the open/short/load terminations, respectively. The pink line represents
the diversity reception by using diode termination. The minimum RSSI of each
tag was around -60 dB, which is the minimum value for correction detection. The
undetectable tags in each termination condition are shown in Tab. 2.2. All of the
cases had undetectable tags except the diode diversity case.
The CDF of experiment results are shown in Fig. 2.29. It is indicated that all of
the tags can be detected by applying diversity reception, and the RSSI of the diode
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Figure 2.27: Average RSSI of each tag in diose termination case (0/1 V).
Table 2.2: Undetected tag ID of smart-shelf system
Tag ID
Open 10, 22, 29, 35, 36

















Figure 2.28: Average RSSI of each tag in open/short/load/diode(diversity) cases.
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Figure 2.29: CDF versus RSSI value of each tag inserted in books.
case is enhanced compared to the load case. This experiment demonstrated that the
diversity reception can improve the reading performance and enhance the success
rate of reading.
2.4 Conclusions
The diversity reception has been proposed to increase the success reading rate of
RFID tags and improve the RSSI. Based on the simulation results obtained, it is
demonstrated that the proposed diversity is effective to improve the electric field
distribution and intensity. Even if the effect of the return loss is considered, the
diversity reception is still effective. We also experimentally showed that the problem
of low sensitivity areas on the planar waveguide sheet could be solved by using the
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diversity reception. The switch diode used as a switch which can electrically switch
the termination conditions was proposed. The diode added bias voltage 0 V and 1 V
can obtain the similar field distribution as short and open termination, respectively.
The influence of the mismatching due to switching the termination condition was
investigated and it was found that the effect was little. We also demonstrated that
a diversity gain of 3.5 dB at 1% CDF could be obtained by using the proposed
diversity reception as an example. The proposed system used in a RFID smart-shelf
system can improve the reading performance, and the success rate of reading tags
was enhanced.
Chapter 3
Tag antenna design for closely
located and high dielectric objects
3.1 Introduction
UHF RFID tag is one of the most important components of affecting the RFID
system performance. One of the key factors to make sure that the reader can obtain
stable signals from the tag is to enhance the performance of the RFID tag. A passive
RFID tag consists of a tag antenna and an Application Specific Integrated Circuit
(ASIC) chip. To achieve the maximum power transmitting to the ASIC chip, the
impedance of the tag antenna and the chip should be conjugate matched [25].
In the application of smart-shelf system, the RFID tag antenna is attached to the
objects made of various materials. Different materials the objects have various
permittivity, and the effects on the tag antenna are different. As shown in Fig.
3.1(a), the plastic has 2 to 3.5 relative permittivity (εr), the paper is 3.85, and the
glass is 5 to 10. Some objects with high permittivity severely affect the performance
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of the tag antenna. In previous studies of the UHF RFID system, the RFID tags
that are closely located on metals and dielectrics such as water or wood have been
investigated [26–29].
In some applications, the managed objects are intensively located and the distance
between two tags is very short. For example, the objects such as documents, books,
and disks that are intensively located on a bookshelf as shown in Fig. 3.1(b). In
those cases, the interference between two tags occurs when tags are closely located.
Due to the interference of the objects nearby, the resonant frequency of the tag is
changed, and the power input to the tag has a great chance to be decreased. For
the conditions mentioned above, the research work should cover tag antenna design
for working on surfaces of high dielectric objects and robust feature extraction for
the interference from other tags nearby.
In this chapter, the effects of the dielectric objects and the other tag antenna nearby
are presented. Based on the investigation results, a design method for the passive
UHF RFID tag antenna was proposed. The designed tag antenna by using proposed
method was fabricated and measured by using a RFID reader.
The remaining part of this chapter is organized as follows: The approach of evalu-
ating the tag antenna performance is presented in Section 3.2. In Section 3.3, the
investigation of the effects of the environment on the tag antenna is discussed, and
the approach of designing a robust tag antenna is presented. In Section 3.4, the
procedure of tag design is presented, and a tag antenna design followed the proce-
dure is presented. The designed tag antenna was fabricated and the experimental
results are presented and discussed in Section 3.5. Finally, conclusions are offered
in Section 3.6.
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(a) Relative permittivity of various materials
(b) Tightly arranged objects
Figure 3.1: Monitored objects in different applications.
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Figure 3.2: Passive UHF RFID tag consists of a antenna and a ASIC.
Figure 3.3: One port network circuit - equivalent circuit of a RFID tag.
3.2 Evaluation approach of tag performance
A passive RFID tag consists of a tag antenna and an ASIC chip as shown in Fig.
3.2. The power transmission ratio between the antenna and the chip is used as
a parameter to evaluate the performance of an RFID tag. An RFID tag can be
considered as a one port network as shown in Fig. 3.3, where Vs is the voltage
source, Zs is the internal impedance of the source, and the Zl is the impedance of
the load.
The power wave reflects due to the mismatch between the complex source and the
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∗ is the conjugate impedance of the source [25] [30].
The power reflection coefficient is |Γ|2, and the power transmission ratio can be
defined as
t = 1− |Γ|2 (3.2)
It demonstrates that the impedance of the source should be a conjugate match to
the load to achieve the maximum power transmission ratio from the source to the
load. Through (3.2), it proves the performance of the RFID tag is sensitivity to the
impedance of the tag antenna. Therefore, the tag antenna should be designed to
conjugate match to the ASIC chip.
3.3 Approach of tag antenna design
3.3.1 Effect of distance
The RFID tag antenna is made of metal, so that the tag antenna impedance is
affected by the other objects nearby. In order to analyze the effects of the other ob-
jects nearby on the tag, the commercial RFID tag antenna (SMARTRAC DogBone)
was chosen as a model. The model of the tag antenna is shown in Fig. 3.4, and the
size of the tag is. 86 mm × 24 mm. The chip of the RFID tag was Impinj Monza
4D and the chip impedance is 11 + j143 at 915MHz [31]. In the simulation model,
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Figure 3.4: Geometry of an commercial RIFD tag.
two tags were parallel with separation distance d, and the d was varied from 10 to
30 mm. The simulation results of the tag impedance and the power transmission
ratio t calculated by Eq. 3.1 and Eq. 3.2 are shown in Fig 3.5. The results indicated
that two tags close to each other affects the input impedance of the tag antenna.
The closer the tags, the large the variation amplitude around the anti-resonant fre-
quency. The property t is also effected due to the changes of the input impedance
and become low around the 915 MHz.
3.3.2 Effect of dielectric
The tag antenna DogBone is attached to a dielectric cube to investigate the effects
of εr on the tag antenna. The cub is 90 mm × 75 mm × 75 mm and εr of the
dielectric was varied from 2 to 5. The input impedance and the property t are
shown in Fig. 3.6. It is demonstrated that the impedance characteristic was moved
parallel to lower frequency due to the wavelength shortening effect. The property t
is also affected and decrease because of the changes of the impedance.
3.3.3 Approach of tag design
Based on the simulations in the previous subsections, it is known that when two tags
are close to each other, the variation amplitude of impedance becomes large near
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(a) Input impedance
(b) Power transmission ratio
Figure 3.5: An example of two tags closely located with different separation distacne.
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(a) Input impedance
(b) Power transmission ratio
Figure 3.6: An example of a tag attached to object with various relative permittivity.
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the anti-resonant frequency. Furthermore, when the tag attached to the dielectric
object, the impedance characteristic is parallelly moved to lower frequency.
An example of the impedance change due to the effects of the dielectric objects
nearby are shown in Fig.3.7. The blue areas are the target value, and the solid lines
and the dash lines show the real part and the imaginary part of the impedance,
respectively. The black lines show the impedance of a designed tag antenna which
has higher working frequency than the conjugated impedance. The red lines show
the tag antenna attached to an dielectric object, and the impedance is matched
target values. However, as shown in Fig. 3.8 when the other tag is approaching,
the impedance values close to the anti-resonant frequency are effected and change
seriously. It shows that the impedance is changed and mismatched after being
attached to the dielectric and closed to the other tag. Therefore, the tag antenna
should be designed to work higher then the anti-resonant frequency to avoid the
effect of the dielectric object and other tag antenna approaching. An example of the
designed tag whose, working frequency is higher than the anti-resonant frequency,
attached to a dielectric object is shown in Fig. 3.9. It is demonstrated that even the
anti-resonant frequency become lower, the amplitude of impedance variation at the
working frequency is slight. Another example is the other tag antenna approaching
to the tag whose working frequency is higher than the anti-resonant frequency shown
in Fig. 3.10. It is indicted that the impedance change near the working frequency,
which is higher than the anti-resonant frequency, is slight comparing with previous
cases.
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Figure 3.7: An example of a tag antenna attached to a dielectric object.
Figure 3.8: An example of tag antenna is affected by both dielectric and other tag.
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Figure 3.9: Proposed tag antenna attached to dielectric.
Figure 3.10: Tag antenna attached to dielectric and close to another tag.
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3.4 Tag antenna design
The principle of RFID tag antenna design for high dielectric and closely located
objects was well described in last section. In this chapter, the procedure of designing
the tag antenna is presented.
3.4.1 Procedure of Design
The flow chart of tag antenna design is shown in Fig. 3.11. First of all, the model of
the RFID tag chip should be designed, and the impedance of the chip is measured.
The second step is the tag antenna design. In order to achieve the maximum power
transmitted to the chip, the tag antenna should be designed to conjugate math to
the chip. However, the section 3.3 indicated that the working frequency of the tag
antenna should be designed to be higher then the anti-resonant frequency to avoid
the effects of other tags nearby, and the working frequency should be slightly lower
than the conjugate impedance of the chip to make sure that the tag can obtain
large power transmission ratio after attached to dielectric objects. Furthermore, the
tag antenna can be designed to have larger size to increase the bandwidth. The
third step is antenna size minimization. The tag antenna with large size can offer
wide bandwidth, however, large size tag antenna limits its usefulness in the practical
applications. Minimizing the tag antenna can solve this issue, and the effective way
to minimize the antenna size is meandering the antenna. Furthermore, the matching
circuit of the tag antenna could be tuned to adjust the antenna impedance in this
step. The last step is evaluating the tag performance. Two evaluation need to be
done to insure that the tag can work in the complex environment. One is putting
two tags extremely close to test the reliability of the tag affected by other tags. The
other one is attaching the designed tag to the dielectric objects with various εr to
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test the availability for different material objects.
3.4.2 Chip impedance measurement
The RFID tag chip Impinj Monza 4D was chosen for this dissertation. The chip
impedance was measured by using impdance analyzer (Agilent E4991A) and the
test fixture 16197A. The measurement setup is shown in Fig. 3.12. The test fixture
is for measuring the SMD (surface-mount technology) chip. The measurement prot
of the test fixture consists of a cylinder and a annulus, and the DUT (device under
test) are bridged on it. The blue and black part is a fixer used to fix the DUT to
insure the connection between the impedance analyzer and the DUT.
The measured impedance results from 1 MHz to 3 GHz are shown in Fig. 3.13, and
the incident power was varied from -20 to 0 dBm. It indicated that the resistance
of the chip is changed severely when the incident power is larger than -10 dBm, and
the rest parts are changed slightly. The read and write sensitivity are -17.4 and
-14.6 dBm, respectively [31]. Therefore, the impedance values of the chip at 920
MHz when the Pinc = -13 dBm was chosen as the target value for the tag antenna,
which is 7.2 - j156 Ohm.
3.4.3 Tag antenna design
To act as a benchmark, A simple RFID tag antenna(Tag A), which is conjugate
matched to the RFID chip Monza 4D, was designed The geometry and parameters
of Tag Aand ate shows in Fig. 3.14 and Tab. 3.1, respectively. A normal half-
wavelength dipole antenna works in the resonant frequency, and the inductance is
very small. The conjugated impedance of the chip is 7.2 + j156.5 Ohm. In order to
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Figure 3.11: Flow chart of tag antenna design.
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Figure 3.12: Measurement step of chip impedance measurement.
Table 3.1: Antenna parameters of Tag A
Parameters [mm]
l1 90 w1 17
l2 20 wm1 6
lm1 17 wm2 2
lm2 2
obtain a large inductance, a t-matching circuit was added. The impedance of Tag A
and the power transmission ratio calculated by using measured chip impedance are
shown in Fig. 3.15. It demonstrated that Tag A is conjugate matched with Monza
4 and has a good perforamce at 920 MHz.
Tag A is conjugate matched to the chip impedance, however, according the the
tag design principle, the working frequency should be higher than the anti-resonant
frequency. The simplest way to raise the working frequency is enlarge the size of
the tag antenna. The size was enlarged from 17 mm × 90 mm to 50 mm × 100
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(a) Real part.
(b) Imaginary part.
Figure 3.13: Impedance of RFID tag chip Monza 4D.
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Figure 3.14: Geometry of Tag A.
mm, and the impedance of both antennas are shown in Fig. 3.16. It demonstrated
that the enlarge the size of the tag antenna can effectively lower the anti-resonant
frequency, but the reactance of the enlarged antenna is still not enough. However,
the availability of the tag is decreased if the size becomes larger. Therefore, cutting
the slits on the arms of the antenna is proposed to enlarge the electrical size of the
tag antenna and realize the minimization.
The geometry and the parameters of the tag antenna (Tag B) with slits on the
arms is shown in Fig. 3.17 and Tab. 3.2, respectively. The matching circuit were
redesigned to tune the antenna impedance to the desire value. The input impedance
and the power transmission ratio of Tag B are shown in Fig. 3.18. It demonstrated
that cutting the slits can effectively enlarge the electrical size of the tag antenna
and achieve the target value of the impedance.
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(a) Input impedance.
(b) Power transmission ratio.
Figure 3.15: Property of Tag A.
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Figure 3.16: Impedance of tag antenna with different size.
Figure 3.17: Geometry of Tag B.
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(a) Input impedance.
(b) Power transmission ratio.
Figure 3.18: Property of Tag B.
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Table 3.2: Antenna parameters of Tag B
Parameters [mm]
l1 100 lm2 2 w1 50
l2 20 lg1 2 w2 16.7
l3 2 lg2 4 wm1 2
lm1 17 lgd 1 wm2 0.6
3.4.4 Tag performance valuation
In this subsection, three simulations are carried out to evaluate the performance
of the designed tag antenna. Moreover, a simple evaluation method is proposed to
reduce the antenna development time.
Separation
The effect of another RFID tag nearby is discussed in this subsection. One tag is
closely put to another tag to investigate the interference from the other one. The
simulation model is shown in Fig. 3.19(a), and the distance d between two tags is
varied from 1 mm to 10 mm. One of the tag was added a 1 V and the other one
was connected to a load with the same impedance of the chip.
The simulation results of power transmission ratio at 920 MHz are shown in Fig.
3.19(b). The black line and red line indicate the power transmission ratio of Tag A
and Tag B with different d individually. The variation of the black line is larger than
the red line when d is extremely small. The result demonstrates that the proposed
Tag B has less affect and good performance when located closely to another tag
antenna.
Furthermore, the tag antennas were arranged as a tag array to investigate the tag
performance as shown in 3.20(a). There are 11 tags, and the incident wave was a
1 V/m plane wave from broadside of the array. Figure 3.20(b) shows the received
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(a) Simulation model.
(b) Power transmission ratio.
Figure 3.19: Tag attached to dielectric with various εr
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power of each tag in the cases of d = 1 and 10. It demonstrated that the tags in the
center of the array are easily affected, and the performance of the tags are decreased.
The averaged power of every tags are shown in Fig. 3.20(c) demonstrating that the
small the d, the large the affect of other tag nearby. Both of the results show that the
proposed Tag B has better performance than Tag A when the separation distance
of tags are small.
Different material
The effect of the RFID tag attached to dielectric objects on the impedance of the
tag antenna is investigated in this subsection. The designed antennas, which were
attached to dielectrics, with different sizes were analyzed, and the simulation model
is shown in Fig. 3.21(a). The tag antennas were attached to the surface of a dielectric
cube which was 75×75×90 mm3, and the relative permittivity εr of the dielectric
were varied from 1 to 10 to investigate the interference of the dielectric on the tag
antennas. In this study, the working frequency was 920 MHz The simulation results
of the tag antenna attached to dielectric objects are shown in Fig. 3.21(b). The
contour line demonstrates the power transmission ratio between the tag chip and
the RFID tag antenna; every point of each line indicates the input impedance of the
tag antennas attached to various dielectric objects. The black and red line show the
variation of the input impedance of the Tag A and Tag B respectively. The result
shows the input impedance of the relatively small antenna is seriously changed when
the tag antenna is attached to the dielectric object, which shows the antenna with
larger electrical size has good performance when attached to the dielectric objects
and less effect from the dielectric objects nearby.
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(a) Simulation model.
(b) Received Power (d=1 and 10).
(c) Averaged power (♯1 to ♯n).
Figure 3.20: Tag array with separation distance d.
62 Chapter 3. Tag antenna design for closely located and high dielectric objects
(a) Simulation model.
(b) Power transmission ratio.
Figure 3.21: Two Tags with separation distance d.
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Separation and different material
The effect of dielectric objects other tag nearby on the impedance of the tag antenna
is investigated in this subsection. The simulation model is shown in Fig. 3.22(a).
Eleven tags were arranged to a tag array, and the dielectrics were inserted into the
gap between each tag. The working frequency was 920 MHz, and the incident wave
was 1 V/m plane wave. The relative permittivity of the dielectric object 2 and 3.7
were chosen because they are close to paper and plastic in practical applications.
The simulation results are shown in Fig. 3.22(b) and Fig. 3.22(c). The results
demonstrated that the proposed Tag B had better performance than Tag A when
the d was extremely small in both cases. It indicated that the proposed tag design
approach is an effective way of tag antenna design.
3.5 Experimental studies
The designed antennas with two electrical sizes were fabricated, and the RIFD chips
(Impinj Monza 4) were soldered on both antennas. Two experiments are presented in
this section. First, the fabricated tags were put on the dielectric objects to examine
the influence of the dielectric on the tags. Second, two tags were located nearly with
a highly small gap between them to study the influence from another tag nearby.
In the experimental studies, the performance of the tag antenna was evaluated by









where shows the ratio of power available at the input of the receiving antenna Pr
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(a) Simulation model.
(b) Averaged received power (εr)=2.
(c) Averaged received power (εr)=3.7.
Figure 3.22: Tag attached to dielectric with various εr
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to output power from the transmitting antenna Pt. Gt and Gr are the gain of the
reader antenna and tag antenna respectively. λ is the wavelength, R is the read
range, and t is the power transmission ratio given by (3.2).
The experiment environment is shown in Fig. 3.23. The fabricated tags were tested
in anechoic chamber, and the RFID reader was Impinj R420. The planar waveguide
sheet is a near field RFID antenna. However, the planar waveguide sheet affects
the tag antenna when they are closed to each other. Therefore, the tag antenna
was measured in the far field region to simplify the environment near the tag and
avoid the effects of the environment on the tag antenna. The distance between the
transmitting antenna and the tag antennas was 2 m. Pt increased until the tag
antenna was activated, and the minimum active power was obtained. It is known
that the same RFID tag chip should have the same minimum active power. Because
every variable except Pt and t in (3.3) is a constant, the performance of an RFID tag
can be evaluated by using Pt. The smaller the Pt is, the better power transmission
ratio the tag has.
The first experiment: the tags are attached to an object with various permittivities
and sizes as shown in Fig. 3.24. Figure 3.25 and Table 3.3 explain the photos and
the parameters of the objects, respectively. The material with εr = 2.34 was made
of High Density Polyethylene (HDPE), and the material with εr = 3.7 was made of
Monomer-Cast Nylon (MC Nylon). These materials are similar to the objects made
of polypropylene and paper. The material with εr = 10 which was made of high
dielectric Polyphenylene Ether (PPE) were analogous to the objects made of glasses
and so on.
Two tag antennas were fabricated for each size of antenna to ensure that both tags
had similar performance. The minimum active power of each case is shown in Table
3.4. The designed tag antenna with larger electrical size (Antenna ♯2) had larger
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Figure 3.23: Diagram and photo of experiment environment
Figure 3.24: A RFID tag attached to dielectric object to be tested.
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(a) no. 1 (b) no. 2
(c) no. 3
Figure 3.25: Three types of material for tag evaluation.
Table 3.3: Parameters of dielectric objects for tag evaluation
no. size [mm] εr material
∗1 90×75×75 2.34 HDPE
∗2 150×150×10 3.7 mc nylo
∗3 150×150×20 3.7 mc nylo
∗4 330×255×9 10 high εr PPE
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Table 3.4: Minimum active power of tags attached to dielectric objects
Antenna ♯1 Antenna ♯2
εr no. 1 no. 2 no.1 no.2
free space 16.5 17.25 19.75 19
2.34∗1 18.25 18.75 17.25 16.5
3.7×1∗2 18.75 18.75 18.25 17.5
3.7×2∗3 20.75 20.75 19 18.25
10∗4 16 16.5 16 16.5
unit of minimum active power: dBm
Table 3.5: Minimum active power of the tag closed to another one
Antenna ♯1 Antenna ♯2
dg [mm] no. 1 no. 2 no.1 no. 2
2 18.25 18.75 17.25 16.5
5 18.75 18.75 18.25 17.5
10 20.75 20.75 19 18.25
20 20 20.5 19 19
50 19.25 19.75 19.25 19.25
100 18.25 18.5 19.5 19
One tag 16.5 17.25 19.75 19
unit of minimum active power: dBm
minimum active power than the small antenna (Antenna ♯1) when the tags were
put in free space. When attached to the objects, Antenna ♯2 had smaller minimum
active power than Antenna ♯1. It demonstrates that the tag of antenna with larger
electrical size has better performance when the tag is attached to dielectric objects.
The second experiment: two fabricated tags were located intensively as shown in
Fig. 3.26. The distance between two tags d was varied from 2 mm to 100 mm to
investigate the influence of the other tag nearby.
The minimum active power of the tags in each case are shown in Table 3.5. Antenna
♯2 has smaller minimum active power than Antenna ♯1 when the distance between
two tags are 2 mm. It proves that the relatively large antenna has better performance
when the tags are located closely.
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Figure 3.26: A RFID tag closely located to another tag.
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3.6 Conclusions
The influence of dielectric and intensively located objects on the UHF RFID tag an-
tenna was investigated in this research. Based on the investigation, the tag antenna
design principle was proposed. The working frequency of the tag antenna should
be designed to reduce the effects of the environment on antenna impedance. Two
tag antennas which have different electrical size were designed and fabricated. The
electrical size of the tag antenna was increased without enlarging the physical size to
ensure that the tag is suitable for applications. Also, two experiments were carried
out to verify the effectiveness of the proposed method. One was that two tags were
put together with a small gap between them to simulate the tags were attached
to extremely thin objects. One was that the tag antennas were attached to four
objects which had different permittivities to simulate different materials. Finally,
the experimental results showed that the tag antenna with larger electrical size has
lower minimum active power than the small one when tags are attached to objects
and intensively located objects. The result demonstrates that the designed electric




The dissertation is improving the performance the UHF RFID system and basically
subdivided into two main themes. One is ”Performance improvement of planar
waveguide used as RFID tag antenna (Chapter 2)”. The other is ”Tag antenna
design for closely located and high dielectric objects”.
In chapter 2, we focused on improving the RFID reader antenna to obtain better
performance of the RFID system. A planar waveguide sheet used as reader antenna
was investigated. The return loss of the planar waveguide was lower than -15 dB
in the working frequency. The measured field distribution on the planar waveguide
sheet was uniform, and the detection region was confined to the areas which closes
to the sheet.
However, the load termination absorbed the energy cause the power consumption,
and some tags were undetectable in a complex environment. Therefore, the diver-
sity reception has been proposed to improve the performance of the RFID system.
It was using an open and a short circuit to replace the load termination to ob-
tain the standing wave which had large maximum value of electric field intensity.
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Switching between open and short termination can eliminate the effects of the local
minimums of field distribution. Including considering the return loss of both termi-
nation conditions, the proposed diversity reception effectively improved the electric
field intensity.
Moreover, the experiments was carried out to verify the practicability for a RFID
system. The diode was utilized as a electrical switch to switch the termination
condition. The measured field distribution showed the diversity gain of 3.5 dB at 1%
CDF could be obtained by using the proposed diversity reception. The experiment of
the RFID smart-shelf system demonstrated that both the rate of successful reading
and the RSSI were improved by using the proposed system.
In Chapter 3, we focused on improving the RFID tag antenna to enhance the per-
formance of the RFID system. The effects of the dielectric objects and other tags
nearby on the impedance of the tag antenna were investigated. Based on the inves-
tigation, a design principle of a tag antenna which is robust to the interference was
proposed. The working frequency of the tag antenna should be designed to be higher
than the anti-resonant frequency. The tag antenna designed by using the proposed
principle was numerically demonstrated the effectiveness. Moreover, the designed
tag antenna was fabricated and soldered with the RFID chip Monza 4D. Two ex-
periments was carried out: one was attaching the tag to dielectric objects; the other
was arranging two tags extremely closed. Both experimental results demonstrated
that the tags designed by using proposed principle has good performance in the
complex environment.
In conclusion, the performance of a RFID system can be enhanced by improving the
RFID reader antenna and tag antenna. The proposed method can be used not only
at 920 MHz system but also RFID system in different frequency. Internet of Thing
(IoT) has received more and more attention in recent years. The high performance
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RFID system can offer more opportunities to achieve more novel applications.
Appendix A
Evanescent wave
A planar waveguide consists of three layers: (1)Top: conductive mesh, (2)Middle:
substrate, and (3)Bottom: Conductive plane(Ground). Because the mesh size dof
the top layer is mach smaller than the wavelength, the electromagnetic wave can
travel alone the x-direction of the planar waveguide as shown in Fig. A.1. The
evanescent wave on the planar waveguide sheet can be observed, and the electric
field E(x, y) can be written [33]:
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It shows the evanescent wave attenuates exponentially in terms of z, indicating that
the energy are focused on the area near the mesh surface. Moreover, the intensity of
the evanescent wave cab be adjusted by terms of d. Therefore, the planar waveguide
can be used to realize the near field communication.
Appendix B
Near-Field Measurement Probe
The near-field probe (Beehive EMC probe set 101A) [34] was used to measure the
field distribution on the planar waveguide sheet in this study. There are four probes
in the set. Three probes with loop antennas are magnetic field probes, and the
probe with a stub in front (100D) of it is for electric field measurement. The stub
probe (100D) was used to measure the electric field distribution are shown in Fig.
B.2 The measurement part of the probe is a 2 mm stub in front of the probe.
The sensitivity of the probe 100D is shown in Fig. 3.22. The output power of
Figure B.1: Beehive stub probe (100D) for electric field measurement.
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Figure B.2: Sensitivity of Beehive stub probe 100D.
the probe into a 50 Ohm load and electric field strength can be calculated by the
following equation:
The probe output power into a 50 ohm load and the electric field strength are related
by the following equation:
Pout = −113.2 + 20log10(E) + 20log10(f) (B.1)
, where E is the electric field strength (V/m), f is the frequency of the received
signal (MHz), and Pout is the power output power into 50 Ohm load (dBm).
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